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Abstract 

Calmodulin regulated spectrin-associated protein 1 (CAM- 
SAP1) is a vertebrate microtubule-binding protein, and a 
representative of a family of cytoskeletal proteins that arose 
with animals. We reported previously that the central region of 
the protein, which contains no recognized functional domain, 
inhibited neurite outgrowth when over-expressed in PC12 cells 
[Baines ef a/., Mol. Biol. Evol. 26 (2009), p. 2005]. The CKK 
domain (DUF1781) binds microtubules and defines the CAM- 
SAP/ssp4 family of animal proteins (Baines ef al. 2009). In the 
central region, three short well-conserved regions are charac- 
teristic of CAMSAP-family members. One of these, CAMSAP- 
conserved region 1 (CC1), bound to both pilE1 -spectrin and 



Ca /calmodulin in vitro. The binding of Ca /calmodulin 
inhibited spectrin binding. Transient expression of CC1 in 
PC12 cells inhibited neurite outgrowth. siRNA knockdown of 
CAMSAP1 inhibited neurite outgrowth in PC12 cells or primary 
cerebellar granule cells: this could be rescued in PCI 2 cells by 
wild-type CAMSAP1 -enhanced green fluorescent protein, but 
not by a CC1 mutant. We conclude that CC1 represents a 
functional region of CAMSAP1, which links spectrin-binding to 
neurite outgrowth. 

Keywords: cytoskeletal regulation, cytoskeleton, molecular 
evolution, nerve cells, protein domain, protein function. 
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Elucidating the mechanisms that underlie the production of 
nerve axons is of fundamental importance to understanding 
the development and maintenance of the nervous system. It is 
well established that many elements of the cytoskeleton are 
required for this process, particularly in stabilizing and 
extending newly formed axons. Among these are microtu- 
bules (Lafont et al. 1993) and proteins that interact with 
them as assembly factors (e.g. Gordon-Weeks 2004), motors 
(e.g. Ahmad et al. 2000; Hirokawa and Takemura 2004) or 
cross-linkers (e.g. Dehmelt and Halpain 2004). Recently, we 
characterised a novel protein, calmodulin regulated spectrin- 
associated protein 1 (CAMSAPl), as a microtubule-binding 
protein (Baines et al. 2009). CAMSAPl is expressed in 
nerve cells and glia in the nervous system (Baines et al. 
2009; Yamamoto et al. 2009). CAMSAPl contains a 
C-terminal CKK (PFAM: PF08683) domain which binds 
microtubules, and which, when over-expressed in the model 
cell line PC 12, inhibits the production of neurites in response 
to nerve growth factor (NGF) (Baines et al. 2009). 

CAMSAPl is a member of a family of proteins that arose 
in evolution with the animals. In particular, all animals with 



differentiated tissues appear to have CAMSAP-like proteins, 
but no non-animal organism, or animals without tissues such 
as Trichoplax or sponge seem to have such proteins (Baines 
et al. 2009). The fruit fly orthologue of CAMSAPl is 
encoded by the gene ijp4/patronin. This gene is required for 
normal mitotic spindle formation in S2 cells, potentially 
indicating a conserved role for members of this family of 
proteins in microtubule function by protecting the minus end 
of microtubules (Goshima et al. 2007; Goodwin and Vale 
2010). A vertebrate pai-alogue of CAMSAPl, nezha 
(KIAAI543/CAMSAP3) has been reported to anchor micro- 
tubules at adherens junctions, in a complex containing 
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PLEKHA7 and the minus end-directed motor KIFBc (Meng 
et al. 2008). One further paralogue, CAMSAPILI has been 
Unked by genome-wide association study to epilepsy (Guo 
et al. 2012). 

A possible interaction with intermediate filaments has also 
been suggested for CAMSAPl, potentially indicating that 
CAMS API is a broad-function cytoskeleton cross-linking 
protein (Yamamoto et al. 2009). In neural tissue, the gene is 
regulated by the transcription factor calcium-response factor 
(West 2011). 

In addition to a potential role for the CKK domain in 
neurite outgrowth, we reported indications of a role for the 
central region of the protein too (Baines et al. 2009) (see 
Fig. la, for an overview of the structure of CAMSAPl). 
Over-expression of the central region inhibited neurite 
outgrowth by PC 12 cells. This region lies between the 
N-terminal calponin homology domain and the C-terminal 
CKK domain, and it contains no recognized structural or 
functional domains. However, it contains a proline-rich 
region and three regions that are relatively well conserved in 
evolution: we term these CAMSAP-conserved regions 1-3 



(CC1-CC3) (Baines et al. 2009) (see Fig. la). Here, we 
have investigated further potential roles for CAMSAPl in the 
production of processes from PC 12 cells. Our data indicate 
interactions of the first of the CCl with both spectrin and 
Ca^"^/calmodulin. Knockdown of CAMSAPl revealed a 
requirement for this protein in the production of neurites 
from PC 12 cells, and rescue experiments link the spectrin- 
binding activity to the requirement for CAMSAPl. The CCl 
region is conserved in the CAMSAP family, potentially 
indicating functional conservation from the earliest metazoa. 

Methods 

Antibodies 

Antibodies to CAMSAPl (Baines et al. 2009), brain spectrin (Hayes 
et al. 1997) and piIEl -spectrin (Hayes el al. 2000) have been 
described previously. Monoclonal antibody to all-spectrin D8B7 (Xu 
et al. 2000) was kindly given by Dr Leszek Kotula (New York Blood 
Center, New York, NY, USA). Anti-penta-his antibody was from 
Invitrogen (Renfrew, UK: P-21315). Anti-calmodulin was from 
Sigma-Aldrich (Poole, UK: C0931) as was anti-GAP-43 (G9264). 
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Fig. 1 The CGI region, (a) Domain structure of 
calmodulin regulated spectrin-associated protein 1 
(CAMSAP1 ). CAMSAPl has two known domains: 
a single CH domain near the N-terminus, and a 
CKK domain towards the C-terminus, which binds 
microtubules. The central region contains three 
conserved regions, CCl -3, and a proline-rich (PR) 
region, (b) Conservation of CCl in members of the 
CAMSAP family. The figure shows alignment of 
the CCl regions in a range of CAMSAP-family 
proteins across the metazoa. Sequences are listed 
in Table SI. The lines below the alignment 
labelled CC1-P1-4 show the locations of peptides 
synthesized to represent portions of CCl (see 
Methods), (c) A sequence logo derived from the 
alignment in (b) above. 
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Cell culture, transfection and siRNA methods 

Culture methods for PC12 (Bignone el al. 2007; Baines et al. 2009) 
have been described previously: cells were grown on either laminin- 
or collagen-coated coverslips. Cultures of rat cerebellar granule cells 
have been described previously (Hayes et al. 2000). A human 
CAMSAPI -enhanced green fluorescent protein (EGFP) construct 
has been described previously (Baines et al. 2009). siRNA oligo- 
mers (485 siRNA for CAMSAPI sense strand CGACACAGAUCG 
AAUUCUUUdTdT) were purchased from Eurofins MWG (Ebers- 
berg, Gennany), and were transfected using Eugene at a concen- 
tration of 5 nM. Cells were analysed by fluorescence microscopy 
(for EGEP fluorescence and by immunofluorescence) as described 
previously (Bignone et al. 2007) up to 6 days post-transfection. 

Proteins and peptides 

Human CAMSAPI cDNA has been described previously (Baines 
et al. 2009). A his-tagged construct of part of the central region of 
rat CAMSAPI was expressed in E. coli from the vector pQE32 
(Qiagen, Crawley, UK): the sequence of this cDNA is equivalent to 
residues 2157^160 in Refseq:XM_001078134. It was purified from 
soluble extracts of E. coli BL21 DE3, pLysS by metal chelating 
chromatography. A his-tagged human CCl region construct was 
expressed in E. coli from the vector pET15b (Novagen, Nottingham, 
UK): the sequence of this is equivalent to Uniprot:Q5T5Y3: [873- 
921]. It was purified from soluble extracts of E. coli Rosetta 2 
(Merck, Nottingham, UK) by metal chelating chromatography. 
Glutathione-s-transferase (GST)-fusion proteins of human fSIIEI- 
spectrin fragment from repeat 16 to the C-terminus (R16-C), piIS2- 
spectrin RI6-C, piIE I -spectrin linker have been described previ- 
ously (Hayes et al. 2000). Recombinant peptides were verified by 
mass spectrometry. Brain spectrin (Bennett et al. 1986) and 
calmodulin (Dedman and Kaetzel 1983) were purified from pig 
brain by standard procedures. Four peptides representing overlap- 
ping fragments of CCl were synthesized: CCl-PI AS- 
LLASELVQLHMQLEEKRRAI [equivalent to Uniprot: Q5T5Y3: 
(871-892)], CC1-P2 QLHMQLEEKRRAIEAQ KKKMEA 
[Q5T5Y3: (880-901)], CCI-P3 RAIEAQKK KMEALSARQRLKL 
[Q5T5Y3: (890-910)], CC1-P4 SAR QRLKLGKAAFLHVVKKG 
[Q5T5Y3: (903-922)]. A 29mer from the linker region of piIEl- 
spectrin was also synthesized EMVNGATEQRTSSKESSPIPS 
PTSDRKAK [Uniprot: Q01082: (2149-2177)]. All peptides were 
made with an N-terininal biotin-hexanoic acid tag in-house, by 
Mr Kevin Howland (University of Kent, Biomolecular Sciences 
facility). They were purified and verified by HPLC and mass 
spectrometry. 

Interactions of spectrin 

Brain spectrin, GST-fusion proteins of fillSI-spectrin R16-C (triple 
helical repeat 16 to the C-terminal), piIE2-spectrin R16-C, piISl- 
spectrin linker, or his-tagged construct of CCl were coupled to 
supporting media, (i) Affinity chromatography . Methods for interac- 
tion with the his-tagged CAMSAPI central region construct were 
essentially as described elsewhere (Hayes et al. 1997). Briefly, for 
affinity chromatography, the CAMSAPI fragment (10 )ig/mL) was 
chromatographed on 0.5 mL of individual spectrin proteins coupled 
to Activated CH-Sepharose 4B (GE Life Sciences, Amersham, UK), 
or control columns consisting of bovine serum albumin coupled to 
Sepharose, or plain Sepharose 4B. The running solution was 0.15 M 



NaCl, 10 mM HEPES/NaOH pH7.4, with I mM EGTA or I mM 
CaCl2 as indicated in the text. The columns were washed with 10 
column volumes of running solution. Bound material was recovered 
by washing with I M KI, 10 mM HEPES/NaOH pH7.4. Bound 
fractions were analysed by sodium dodecyl sulfate (SDS) gel 
electrophoresis and immunoblot with anti-penta-his antibody, (ii) 
PuH down assays. For pull-down experiments, 100 \iL (packed 
volume) of his-tagged CC I coupled to CH-Sepharose 4B was mixed 
with a cytosolic preparation from rat brain in 0.32 M sucrose, 
10 mM HEPES/NaOH pH7.4, 5 mM EGTA and incubated at 4° for 
60 min. The reaction mixture (500 |^L) was placed in a MicroSpin 
column (Amersham-Pharmacia Biosciences, GE Healthcare Life- 
sciences, Buckinghamshire, UK) and unbound proteins were 
removed by centrifugation at 750 g for I min. The Sepharose was 
washed three times with 0.32 M sucrose, 10 mM HEPES/NaOH 
pH7.4, 5 mM EGTA, 0.1% Triton XIOO. Bound proteins were eluted 
with 60 |iL of 2 X Laemmli sample buffer (Laemmli 1970). 
Samples were boiled for 5 min and separated by SDS gel electro- 
phoresis and analysed by immunoblotting with anti-brain spectrin. In 
control reactions, blanks with uncoupled Sepharose 4B or no brain 
extract were also run. In some cases, competing peptides were added 
to 10 i^g/mL. Samples were analysed by immunoblotting. Immuno- 
blots were developed with enhanced chemiluminescence (Amer- 
sham-Pharmacia Biosciences) reagents, (iii) Micro-titre plate assays. 
His-tagged CCl was immobilized on the wells of a 96 well 
polystyrene plate by incubating 50 |iL of a 10 |J.g/mL solution of 
CC I in 0. 1 M NaCOj at 4° overnight. The plates were washed four 
times with 0.15 M NaCl, pH 7.4 and residual protein binding 
capacity blocked by incubating the wells with 10 mg/mL bovine 
serum albumin for I h. The plates were washed again four times, and 
spectrin 29mer peptide was incubated in the plates for 2 h at 23°C. 
Unbound material was removed by washing five times in buffer, and 
bound peptide was detected by incubating the plates with Strepta- 
vidin-peroxidase (3 i^g/mL) for 30 min, followed by five more 
washes and colour development with o-phenylenediamine. (iv) 
Immunoprecipitation from brain extract. Methods for immunopre- 
cipitation have been described previously (Scott et al. 2001). Briefly, 
anti-CAMSAPI IgG or control IgG was used at 10 ng/mL final 
concentration. IgG were mixed with brain extract (as above) for I h 
on ice, in the presence of Ca^*, EGTA or trifluoperazine (TFP) as 
noted in the text. IgG with bound material were recovered by adding 
Protein A beads (Amersham-Pharmacia Biosciences), and removing 
unbound material by spinning over Micro-Spin columns and 
washing three times. Bound proteins were eluted with 60 |^L of 
2 X Laemmli sample buffer (Laemmli 1970). Samples were boiled 
for 5 min and separated by SDS gel electrophoresis, followed by 
immunoblotting with antibodies as noted in the text. 

Interactions of calmodulin 

Calmodulin was labelled with biotin using biotin-hexanoic acid- 
N-hydroxysuccinimide (Sigma, Poole, UK) as described previously 
(Nicol et al. 1997). (i) BIAcore. Interactions of calmodulin were 
measured using BIAcore analysis as previously described (Nicol 
et al. 1997). (ii) Peptide pull down. To assay interaction of synthetic 
CAMSAPI peptides, except as noted in the text, biotinylated 
peptide CC1-P4 (see above for sequence, 10 |ig/mL) was mixed 
with a cytosolic preparation from rat brain in 0.32 M sucrose, 
10 mM HEPES/NaOH pH7.4 containing 1 mM CaCl2 or 5 mM 
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EGTA and incubated at 4° for 60 min. The reaction mixture 
(500 |J.L) was mixed in a MicroSpin column (Amersham-Ptiarmacia 
Biosciences) with 60 |iL of a 25% slurry of streptavidin-Sepharose 
equilibrated in binding buffer, and incubated for 60 min. Unbound 
proteins were recovered by centrifugation at 750 g for 1 min. The 
Sepharose was washed three times with binding buffer. Bound 
proteins were eluted with 60 |j.L of 2 x Laemmli sample buffer 
(Laemmli 1970). Samples were boiled for 5 min and separated by 
SDS gel electrophoresis. In control reactions, blanks with no peptide 
or no brain extract were also mn. Samples were analysed by 
immunoblotting and probing with anti-calmodulin. 

Bioinformatics 

BLAST searches were run using NCBI BLAST (Altschul et al. 
1997) installed locally. A hidden Markov model for CCl was 
prepared from alignments initially generated by BLAST and used to 
intenogate the NCBI nr (Sayers el al. 2009) and Uniprot Knowl- 
edgebase (Bairoch et al. 2005) databases, using HMMer (Eddy 
2011) installed locally. Potential calmodulin binding sites were 
identified using the Calmodulin Target Database (Yap et al. 2000). 

Statistical analysis of neurite outgrowth 

Neurite production by PC12 cells was scored on the basis that cell 
processes extended for more than the diameter of the cell body. 
Experiments described here represent neurite counts from three 
separate transfections, each divided onto three to five coverslips. 
Counts were made from each coverslip and recorded separately. 
Neurite scores were pooled to give 9-15 individual measurements, 
with approximately 150-250 cells counted per condition. For 
cerebellar granule cells, the criterion for axon growth was GAP43- 
positive processes extended for more than twice the cell body. Data are 
presented as mean ± SD, and were analysed using Student's f-test. In 
the figures, * indicates p < 0.01; **p < 0.001 and ***p < 0.0001. 

Results 

The CCl region is highly conserved in the CAMSAP family 
Figure la, shows a schematic diagram of the domain 
structure of human CAMS API. The characteristic domains 
are a calponin homology (CH) domain and a microtubule- 
binding CKK domain close to the C-terminus. The combi- 
nation of CH and CKK domains defines the CAMSAP 
family. In addition, the central region of the protein, when 
over-expressed in PC 12 cells, inhibited neurite outgrowth 
(2009), so this region attracted our attention in relation to 
possible function. Within the central region, alignment of 
several CAMSAP family proteins revealed three relatively 
well-conserved parts (CAMSAP-conserved 1-3, CCl-3 
residues 873-921, 1015-1051 and 1262-1359 respectively 
in Uniprot: Q5T5Y3) (see Fig. 1 in Baines et al. 2009). 

Figure lb, shows an alignment of the CCl region from a 
variety of eumetazoan organisms. CCl is a region of about 
50 residues with high conservation surrounded by sequence 
that shows little-to-no conservation. Fig. Ic represents the 
alignment as a sequence logo: the sequence LEEKR 
highlighted in the logo is conserved between hydra and man. 



CCl appears to have arisen early in metazoan evolution: as 
shown in Fig. lb, examples exist in deuterostomia (e.g. the 
chordates and sea urchin Strongylocentrotus purpuratus) 
ecdysozoa (arthropods and nematodes), cnidaria (hydrazoan 
Hydra magnipapillata and anthozoan sea anemone Nemato- 
stella vectensis) and lophotrochozoa (segmented worm 
Capitella teleta and limpet Lottia gigantea). 

Human CAMSAP 1 CCl is 60% identical to human 
CAMSAP2 CCl and 43% identical to human CAMSAP3 
CCl, as measured using the Needle program in EMBOSS 
(Rice et al. 2000). It is also 62% identical to its orthologous 
sequence in zebrafish; 49% identical to Bratichiostoma CCl; 
32% identical (52% similar) to the sea anemone sequence 
and 32% identical (51% similar) to sea urchin. Ecdysozoa 
have diverged further: human CAMSAP 1 CCl is 27% 
identical (37.3% similar) to fraitfly CCl; C. elegans CCl is 
more similar to human CAMSAP2 CCl than that of human 
CAMSAPs 1 or 2, 33% identical (51% similar). 

The only exception we have found to the broad expression 
of CCl in eumetazoa is in acoelomata. The genomic coverage 
of these is limited as yet, but we were unable to detect CCl in 
the genome of Schistosoma mansoni either by Blast analysis 
of genomic sequence or HMM search of predicted peptides. 
Blast interrogation of acoelomate expressed sequence tags 
further revealed no candidate CCl sequences. One possibility 
is that CCl was lost in the evolution of at least some 
acoelomates. 

CAMSAP1 interacts with spectrin 

In preliminary experiments (data not shown) we tested 
possible interactions of the central region of CAMSAP 1 by 
affinity chromatography of brain extracts on the immobilized 
central region. Immunoblots of the resulting bound fractions 
revealed brain spectrin as a binding partner. Spectrin is an 
elongated F-actin cross-linking protein and it is an 
heterotetramer. It has many binding partners including other 
cytoskeletal proteins, membrane proteins and regulatory 
proteins (Baines 2010b). To characterize potential CAM- 
SAP 1 -spectrin interaction further, we have used spectiin 
purified from brain (a mixture of isoforms, but primarily all/ 
pil-spectiin), as well as recombinant fragments. 

Figure 2a, summarizes the structure of all/pil-spectiin 
tetramers: note that there are two C-terminal splice variants 
of pU-spectrin. A long C-terminal variant (PIISI) contains a 
pleckstrin homology domain joined to the last of the helical 
repeats (the partial repeat 17) via a linker region. A short 
splice (P11E2) variant arises from differential mRNA splicing 
that eliminates the PH domain and part of the linker region. 

Figure 2b, shows analysis of the interaction of CAMSAP 1 
central region with brain spectrin and its fragments by 
affinity chromatography. For this, we used a 746 amino acid 
fragment of rat CAMSAP 1: this contains CCl -3 and the 
proline-rich region, but not the recognized CH and CKK 
domains. Brain spectrin or its fragments were coupled to 
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activated Sepharose 4B. For affinity chromatography, the 
CAMSAPI fragment was flowed over columns of the 
coupled spectrin proteins; the columns were then washed 
and bound material was recovered by elution with IM KI. 
Fig. 2b shows material recovered in KI elutions. 

Figure 2bi, shows that the CAMSAPI fragment was 
recovered in the fractions representing material that had bound 
to the whole brain spectrin column. Columns prepared from a 
fragment of the long C-terminal variant of pil-spectrin (GST- 
PIISI-R16-C) also retained CAMSAPI on the column 
(Fig. 2bii), as did the whole linker region from the long 
C-terminal variant fused to the GST (Fig. 2biii). In contrast, a 
fragment representing repeat 16 to the C-terminus of the short 
C-terminal variant (PIIE2) fused to GST did not retain 
CAMSAPI fragment on the column (Fig. 2biv). Furthermore, 
a construct representing the pil-spectrin PH domain coupled to 
GST did not retain the CAMSAPI fragment (Fig. 2bv). GST- 
Sepharose (data not shown) also did not retain it on the column. 
These data indicate that CAMSAPI interacts with the linker 
region specific to the long C-terminal variant of pil-spectrin. 

To identify the site in CAMSAPI that binds spectrin, we 
tested a number of fragments of CAMSAPI for their ability 
to bind spectrin. Neither the CH or CKK domains showed 
significant interaction (data not shown). To probe the central 
region further, CCl was expressed as a his-tagged polypep- 
tide in bacteria, coupled to activated Sepharose, and tested 
for its ability to bind to brain spectrin in a whole brain extract 
(Fig. 2c). Brain spectrin was readily detected in immunoblots 
of the recovered bound material (Fig. 2c, Lane 1). No 
spectrin was recovered from beads coupled to bovine serum 
albumin (Lane 2), or (Lane 3) plain Sepharose beads. A 
mutant CCI was prepared in which the characteristic LEEK 
sequence was replaced by AAAA: this showed no interaction 
with spectrin (Lane 4). 

The CCl region is quite short, so to define the nature of 
binding more closely, four overlapping biotinylated peptides 
covering the whole of CCl were synthesized (Peptides CCI- 
Pl-4, see Methods and Fig. lb). These were tested for their 
ability to bind spectrin in whole brain extract. In a pull-down 
assay (Fig. 2d), only CC 1 -PI bound to spectrin, thus the spectrin 
binding activity is associated with the N-terminal part of CC I . 

The pil-spectrin linker region between the last helical 
repeat and the PH domain is differentially spliced (see 
Fig. 2a): the affinity chromatography experiments indicated 
in Fig. 2b implicate this sequence in CAMSAPI binding. 
The part of the linker specific to the long form (PIIEI) is 
encoded by a single exon (ENSEMBL:ENSE00001306451) 
(Hayes et al. 2000). Blast analysis of this in comparison to 
other vertebrate piIE I -spectrins revealed 29 amino acids 
were well conserved [Uniprot: Q0I082: (2149-2177)], so we 
chose these for analysis. A peptide representing this 29 
amino acid sequence was synthesized. This was used to 
compete with brain spectrin in a pull-down experiment. CCI- 
Sepharose beads were mixed with brain extract in the 



absence (Fig. 2e, Lane I) or presence (Lane 2) of the peptide. 
Note that no brain spectrin is recovered in the presence of the 
peptide. Lane 3 shows a control in which no brain extract 
was added to plain Sepharose beads. 

Figure 2f, shows quantification of the binding of the CC 1 
region to the 29mer peptide. For this, CCl was coated in the 
wells of a 96-well plate and increasing concentrations of the 
biotinylated peptide were added; binding was detected by 
adding streptavidin peroxidase followed by colorimetric 
detection. The data are consistent with a single class of 
binding site, as shown by the curve, with a A'o 650 nM. 

We conclude that CAMSAPI interacts with spectrin via its 
CCI region, and that the binding site in spectrin lies within a 
29 amino acid sequence adjacent to the PH domain of the 
long C-terminal variant of pil spectrin. 

CAMSAPI interacts with calmodulin 

In analysing the sequence of CAMSAPI (and other members 
of the family) we noted the presence of a potential 
calmodulin binding sequence within the CCI region (resi- 
dues 903-922 in Uniprot: Q5T5Y3) predicted by the 
Calmodulin Target Database (Yap et al. 2000). Thus, we 
investigated whether CAMSAPI could bind calmodulin. 

Figure 3a, shows analysis of CAMSAPI -calmodulin 
interaction using surface plasmon resonance (BIAcore). 
The central region his-tagged fragment of CAMSAPI was 
tested for its ability to bind to biotinylated calmodulin 
immobilised on a streptavidin-coupled CM5 BIAcore chip. 
The data indicate that CAMSAPI interacts with the chip, and 
that the binding is completely dependent on calcium, since 
little or no signal is obtained when CAMSAPI is flowed onto 
the chip in the presence of EGTA. To quantify the binding, 
equilibrium values were calculated for each concentration of 
CAMSAPI used; the data are plotted in Fig. 3b, which fit a 
calculated curve for ^Tq 620 nM. 

The potential calmodulin-binding site was contained 
within synthetic peptide CC1-P4 (see Methods and Fig. lb). 
The biotinylated peptide was added to brain extract in the 
presence of either calcium or EGTA and the peptide was 
recovered using streptavidin beads (Fig. 3c). Lane I shows 
an immunoblot of material recovered in the presence of 
calcium probed with an anti-calmodulin antibody: note that 
calmodulin is detected. In contrast, little to no calmodulin 
was recovered in the presence of EGTA (Lane 2). Lanes 3 
and 4 show corresponding material recovered in the absence 
of added brain extract. 

Since both spectrin and calmodulin bound to the CCI 
region, we tested whether calmodulin could alter the binding 
of spectrin. Using affinity chromatography, the his-tagged 
central fragment of CAMSAPI was mixed with calmodulin 
in the presence or absence of Ca^"^, and chromatographed the 
mixtures on GST-piIEI-RI6-C Sepharose (Fig. 3d). Bound 
material was analysed by anti-his tag immunoblot. Bound 
fractions were found to contain the CAMSAPI fragment in 
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Fig. 2 interaction of calmodulin regulated spectrin-associated protein 
1 (CAiVlSAPI) with spectrin, (a) Generalized structures of spectrin and 
C-terminai variants of p-spectrins. Spectrin a and p subunits are 
arranged in tetramers. At the C-terminal end of p chains, splice 
variation gives rise to long (pilEI) and short (pilE2) variants. The long 
variant has a PH domain joined to the last of the helical repeats 
{repeats 16 and 17) by a linker of around 90 amino acids. Differential 
mRNA splicing gives rise to a variant in which this linl<er is interrupted 
such that the PH domain is lost and the second half of the linker is 
replaced with a unique (probably unstructured) region in the short 
variant, (b) Affinity chromatography of CAIVISAP1 on various spectrin 
constructs coupled to Sepharose. A his-tagged central region construct 
(see Fig 1a) was flowed over the indicated spectrin protein or fragment 
coupled to Sepharose. Unbound material was washed away, and 
bound material recovered by elution with 1 M Kl. Fractions represent- 
ing bound material were analysed by immunoblot: sequential fractions 
from the 1M Kl elution, labelled 1-4, are shown here. Note that the 
CAMSAP1 fragment bound to whole brain spectrin, the pilEI 
C-terminal fragment from repeat 16 to the C-terminus, the pilEI linker 
fragment, but not to the fragment of pilE2 repeat 16 to C-termlnus or 
the PH domain alone, (c) Interaction of brain spectrin with the 
CAMSAP-conserved region 1 (CC1) region. His-tagged CC1 construct 
was coupled to Sepaharose and mixed with brain extract. The figure 

the presence of EGTA, but not in the presence of Ca^"". These 
data indicate that Ca "^/calmodulin negatively regulates the 
interaction of CAMSAPl with spectrin. 

To test if a similar modulation of the interaction might 
occur in more complex mixtures, we used immunoprecipi- 
tation from a brain extract. Whole brain extract was 
immunoprecipitated using CAMSAPl antibodies under 
non-denaturing conditions. The immunoblots were probed 
with either antibodies to odl-spectrin (Fig 3e, lane 1) or the 
long C-terminal variant of pil-spectrin (Lane 3). Both of 
these polypeptides were found in the immunoprecipitates, 



shows an immunoblot of material recovered after washing the beads in 
buffer and elution with sodium dodecyl sulfate (SDS). Lanes 1-4 show 
immunoblots probed with antibody to brain spectrin. Lane 1: CC1- 
Sepharose. Lane 2: bovine serum albumin coupled to Sepharose. 
Lane 3: Unconjugated Sepharose. Lane 4: AAAA mutant, (d) Interac- 
tion of peptides from CC1 with spectrin. Biotinylated peptides CC1 -PI -4 
(see Methods and Fig 1 b) were mixed with brain extract and recovered 
on streptavidin-Sepharose. Bound material was eluted with SDS and 
analysed by immunoblotting with anti-brain spectrin. Lane 1, CC1-P1; 
Lane 2, CC1 -P2; Lane 3, CC1 -P3; Lane 4, CC1 -P4; Lane 5, no peptide. 
Note that spectrin bound to Pepi . (e) Competition between a 29mer 
peptide representing part of the linker region from pilEI and brain 
spectrin. CC1 -Sepharose was mixed with brain extract in the absence 
(Lane 1) or presence (Lane 2) of the 29mer Bound material was 
recovered and analysed by Immunoblotting with anti-brain spectrin. 
Note that In the absence of peptide, spectrin was recovered, but that in 
the presence of peptide no spectrin was recovered. Lane 3 shows a 
control with CC1 -Sepharose processed as in lane 1 , but without added 
brain extract, (f) Binding between the spectrin 29mer and CC1. His- 
tagged CC1 was Immobilised In 96-well plates and incubated with 
biotinylated 29mer. Binding was detected using streptavidin-peroxi- 
dase. The curve Is calculated for a single class of binding site, Kq 
650 nM. 

and not in non-immune IgG controls (Lanes 2 and 4). To 
examine if the binding was dependent on active calmodulin, 
we repeated the immunoprecipitation in the presence of 
EGTA (lane 5), calcium (Lane 6) or calcium plus the 
calmodulin inhibitor TFP. Note that spectrin (detected with 
antibody to whole brain spectrin) is recovered in the 
immunoprecipitate in the presence of EGTA but not calcium. 
Immunoprecipitation is restored by inhibition of calcium/ 
calmodulin with TFP. These data indicate that both spectrin 
and calmodulin bind to the CCl region, and that calmodulin 
negatively regulates the interaction of spectrin. 
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Fig. 3 Calmodulin regulates the interaction of calmodulin regulated 
spectrin-associated protein 1 (CAMSAP1) with spectrin, (a) Biacore 
analysis. Biotinylated calmodulin was captured on a streptavidin 
Biacore chip, and the central fragment of CAMSAP1 flowed over it at 
various concentrations, and in the presence of Ca^*, or EGTA as 
indicated. Binding was detected as in Increase In Resonance Units 
(RU) from the instrument. Note that no binding occurs in EGTA. At the 
points marked by arrows, the CAMSAP1 flow was halted and buffer 
only was flowed over the chip to allow dissociation to occur, (b) 
Equilibrium values for binding. From (a) equilibrium values for binding 
(in RU) were calculated for each concentration. The curve shown is 
calculated for Kd 620 nM. (c) Interaction of a peptide from CAMSAP- 
conserved region 1 (CC1) with calmodulin. Biotinylated CC1-P4 (see 
Methods) was mixed with brain extract In the presence and absence of 
Ca^* as indicated. Peptides were recovered on strepatavldln-Sepha- 
rose and analysed by immunoblot with antl-calmodulln. Note that 
strong reactivity with calmodulin was only detected in the presence of 
Ca^*. The strong band in all lanes represents streptavidin eluted from 



the beads in sodium dodecyl sulfate (SDS): it reacts strongly with the 
secondary antibody, (d) Affinity chromatography of CAMSAP1 central 
fragment on GST-pilEI-spectrin linker coupled to Sepharose in the 
presence of calmodulin and either EGTA or Ca^* as indicated. The 
figure shows fractions from the column after elution with Kl, repre- 
senting material that had bound to the column. Note that strong 
reactivity with calmodulin was only detected In the presence of Ca^*. 
(e) Immunopreclpltation of CAMSAP1 and spectrin. Brain extract was 
analysed using immunopreclpltation with anti-CAMSAP1 antibody. 
Lanes 1 and 2 show material analysed by immunoblotting with anti- 
all-spectrin: Lane 1 , antl-CAMSAPt immunopreclpltate; Lane 2 control. 
Lanes 3 and 4 were probed with anti-pilEI antibody: lane 3 anti- 
CAMSAP1 immunoprecipitate; Lane 4 control. Lanes 5-7 were all 
probed with anti-brain spectrin: Lane 5 immunoprecipitation of CAM- 
SAPI In the presence of EGTA; Lane 6, in the presence of Ca^*; Lane 
7, with Ca^* and the calmodulin Inhibitor trifluoperazine (100 |.ilVI). Note 
that lanes 5-7 show a small amount of a spectrin proteolytic product at 
the bottom of the lanes. 



Over-expression of CCl in PCI 2 cells inhibits neurite 
outgrowth 

Previously, we showed that the central region of CAMSAPI 
inhibited neurite outgrowth from PC12 cells (Baines et al. 
2009). Since CCl appears to be a site of protein-protein 



interaction, we tested whether it had any effect on neurite 
extension, under the same conditions we used previously. 

EGFP-CCl was transfected into PC 12 cells, and neurite 
production was induced by NGF treatment (see Methods). 
After 48 h, the proportion of green fluorescent cells that 



© 2013 Tlie Autliors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of 
The International Society for Neurochemistry, / Neurochem. (2014) 128, 391-402 



398 I M. D. A. King ef al. 



showed neurite production was counted. The results are 
summarized in Table 1. Note that cells transfected with 
EGFP alone yielded 76 ± 11% with neurites. EGFP-CCl 
reduced the proportion of cells developing neurites to 
42 ± 17%. For comparison, we also transfected the AAAA 
mutant of CCl: this showed no significant inhibition of 
neurite outgrowth (69 ± 14%). 

siRNA reveals a requirement for CAMSAP1 in neurite 
outgrowth 

To test a requirement for native CAMS API in neurite 
outgrowth, we used siRNA to knock down the expression of 
CAMSAPl in PC12 cells. Fig. 4a-c, show the result of 
transfecting PC 12 cells with siRNA designed to be specific 
for rat CAMSAPl. Fig. 4a, shows fluorescence microscopy 
in NGF-treated CAMSAPl siRNA-transfected cells (upper 
panel) and control siRNA (lower panel). Note that while 
CAMSAPl immunofluorescence was detectable in the 
control treated cells, it was essentially undetectable in the 
specific CAMSAPl treated cells. DAPI (4',6-Diamidino-2- 
Phenylindole) (DNA) and spectrin stains are retained in these 
cells, as in the controls, so CAMSAPl is not required for 
spectrin accumulation in PC12 cells. Strikingly, however, no 
neurites are visible in the CAMSAPl siRNA-transfected 
cells (anti-spectrin stain), unlike controls. 

This effect of CAMSAPl siRNA was quantified as 
described by microscopy (Fig. 4b). Cells treated with control 
siRNA produced essentially no neurites in the absence of 
NGF, but efficiently responded to NGF by producing 
neurites. However, in the presence of NGF and CAMSAPl 
siRNA fewer than 5% of transfected cells produced neurites 
over 2-4 days. It made no difference whether NGF was 
added an hour before or after transfection with siRNA. 

It was also evident in microscopy that after over the same 
period, CAMSAPl siRNA-transfected cells appeared larger 
than controls (Fig. 4c). Both cell diameter and nuclear 
diameter increased. 

As a further control for the specificity of the siRNA, we 
attempted to rescue the knockdown of the rat CAMSAPl 
with human cDNA. To identify cells transfected with both 
siRNA and EGFP constructs, we took advantage of the 



Table 1 Effect of over-expression of CAIVISAP1 CC1 on neurite 
extension by PCI 2 cells 



Construct 


% fluorescent PC12 
Cells with neurites ± SD 






EGFP alone 


76 ± 11 






EGFP-CCl 


42 ± 17 


P = 


2 X 10"^ 


EGFP-CCl -AAAA 


69 ± 14 


P = 


NS 



PCI 2 cells were transfected with the indicated construct and neurite 
extension was induced with nerve growth factor. Neurite production 
was scored as described in Bignone ef al. (2007). 



nature of the anti-CAMSAPl antibody: since this is an 
antibody to the C-terminal peptide, reactivity is blocked by 
fusion to EGFP. Cells were scored for siRNA transfection 
by loss of endogenous CAMSAPl immunofluorescence 
and for EGFP expression, also by fluorescence. Human 
CAMSAPl differs at two positions in the sequence 
recognized by the siRNA. This should make it resistant 
to the siRNA. Accordingly, PC 12 cells were transfected 
with CAMSAPl siRNA and either (Fig. 5a) EGFP alone or 
(Fig. 5b) human CAMSAPl-EGFP. Neurites were 
produced from the hCAMSAPl-EGFP transfected cells 
indicating a rescue. 

The rescue also provided the opportunity to test the 
significance of the conserved LEEK motif in CCl identified 
in Figs 1-3. A mutant CAMSAPl-EGFP was prepared in 
which the conserved LEEK motif was changed to AAAA 
(Fig. 5c): a lower proportion of cells were able to produce 
neurites when transfected with the construct. Quantification of 
the rescues (Fig. 5d) revealed that few neurites were produced 
from cells co-transfected with siRNA and EGFP alone, but 
native hCAMSAPl-EGFP gave an efficient rescue 
(85 ±11% neurite production). The AAAA mutant gave a 
substantially weaker rescue: 37 ± 16%. Collectively, these 
data indicate that CAMSAPl is required for NGF-induced 
neurite production in PC12 cells, and that the LEEK motif in 
CCl that links CAMSAPl to spectrin has a role in this process. 

CAIVISAPI siRNA inhibits axon production in primary 
granule cell cultures 

We wished to confirm the significance of CAMSAPl in the 
growth of neuronal processes by examining primary cells, in 
addition to the PC 12 cell line. For this purpose we cultured 
cerebellar granule cells as described previously (Hayes et al. 
2000). They were transfected with control (Fig. 6a) or 
CAMSAPl siRNAs (Fig. 6b) and examined by immunoflu- 
orescence using antibody to GAP43. Axon processes were 
readily detected in samples transfected with control siRNA, 
but were essentially absent from those transfected with the 
specific CAMSAPl siRNA. In three separate preparations of 
cells, less than 2% of cells transfected with CAMSAPl 
siRNA carried GAP43-positive processes longer than twice 
the diameter of the cell body. In contrast, about a quarter of 
cells in each culture transfected with control siRNA carried 
such processes (24 ± 11%, p < 0.0001) 

Discussion 

In this report, we have provided evidence that CAMSAPl is 
required for the process of neurite production by PC 12 cells 
(Figs 4 and 5, Table 1) and primary cerebellar granule cells 
(Fig. 6). Moreover, we define interactions with spectrin and 
Ca^"*"/calmodulin (Figs 1-3) that indicate that CAMSAPl is a 
regulated cytoskeletal interconnector, and that CCl is a novel 
functional domain containing these activities. 
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Fig. 4 siRNA analysis of calmodulin regulated 
spectrin-associated protein 1 (CAMSAP1) 
function in PC12 cells, (a) PC12 cells were 
transfected with eitfier rat CAMSAP1 siRNA or 
control, scrambled siRNA, and treated with nerve 
growth factor (NGF). Cells were stained after 48 h, 
as indicated, with either DAPI (for DNA), anti- 
CAMSAP1 or anti-pilE1 -spectrin. Note reduction in 
the staining of CAMSAP1 compared to cells 
treated with negative control siRNA. pilE1- 
spectrin staining is not affected, indicating that 
CAMSAP1 is not required for accumulation of 
spectrin. The spectrin staining shows that the 
CAMSAP1 knock down cells have failed to extend 
neurites. Cells transfected with control siRNA 
extended neurites. Scale bar 10 |.im. (b) 
Quantification of% cells with neurites. Comparing 
cells treated with control siRNA or CAMSAP1 
SiRNA in the absence of NGF showed no 
significant difference (NS). However, with NGF, 
the reduction of neurite outgrowth was highly 
significant with CAMSAP1 siRNA in comparison 
with control siRNA. (c) Quantification of cell and 
nuclear diameters. 
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Our earlier data pointed to activities in CAMSAPI 
additional to microtubule binding (Baines et al. 2009), since 
over-expression of the central region also inhibited PCI 2 cell 
neurite outgrowth. This region lacks previously recognized 
functional domains and formed a rather diffuse pattern when 
over-expressed in HeLa cells, reminiscent of the pattern 
described for spectrin (Mangeat and Burridge 1983). Over- 
expression of active fragments of CAMSAPI, the CKK 
domain or the whole central region (Baines et al. 2009), and, 
as shown here, the CCl region, should allow them to act as 
inhibitors that compete with the native protein for its 
physiological binding sites and disrupt function as a 
cytoskeletal interconnector. 

We tested an interaction with spectrin using affinity 
chromatography, in the first instance, with a fragment of 
rat CAMSAPI coiTesponding to 668 residues of the central 
region. The data indicated an interaction selectively with the 
linker region between the last of the triple helices and the PH 
domain (Fig. 2b). In peptide binding experiments, this was 
nan'owed to 29 residues unique to the long C-terminal form 
of pil-spectrin (PIIEI) (Fig. 2c and d). In turn, this peptide 
bound to the CCl region in CAMSAPI (Fig. 2e). The 29mer 
sequence comes from a region of spectrin to which no 
closely defined function has previously been ascribed. PSI- 
PRED (McGuffin et al. 2000) and DISO-PRED (Ward et al. 
2004) analyses (data not shown) indicate this part of spectrin 
is likely to be almost entirely unstructured in the native 



protein. A point of note, though, is that multiple phosphor- 
ylation sites have been mapped within this sequence: Phosida 
(Olsen et al. 2006) annotates 10 sites within our 29mer that 
are phosphorylated in vivo. In the future, it will be of great 
interest to establish if spectrin-CAMSAPl interaction is 
modulated by phosphorylation. 

Since the sequence LEEK is characteristic of the CCl 
region, and highly conserved in evolution (Fig. lb and c), we 
tested a possible significance of this sequence in vitro 
(spectrin binding. Fig. 2d) and in living PC12 cells (Table 1, 
Fig. 5). Mutation of LEEK to A AAA inhibits binding of 
spectrin to CAMSAPI peptide in vitro. Over-expressed CCl 
is partially inhibitory to neurite outgrowth (Table 1), and the 
AAAA mutation stops this. The AAAA mutant is also 
incapable of fully rescuing the siRNA knockdown. These 
data point to a link between CAMSAPI -spectrin interaction 
and the process of NGF-induced neurite outgrowth. It is also 
of note that peptides CCl -PI and CC1-P2 both contain the 
LEEK sequence, but only CCl-PI binds spectrin: this 
suggests that the requirements for spectiin binding extend 
beyond the LEEK sequence; LEEK, while necessary, is 
clearly not sufficient for interaction. 

The CCl region also bound to Ca^"^/calmodulin (Fig. 3), a 
protein known to be closely associated with the control of 
axon extension and guidance. In PC 12 cells, calmodulin has 
a central role in differentiation of the cells and production of 
neurites (Davidkova et al. 1996; Hoshino and Nakamura 
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2003). Since both spectrin and calmodulin bound to CCl, we 
tested of they compete with each other for binding - as 
indicated in Fig. 3, this appears to be the case. Interestingly, 




CAMSAP1 siRNA colransfsclsd 



Fig. 5 Rescue of calmodulin regulated spectrin-associated protein 1 
(CAIVISAPI) sIRNA l<nocl<down in PCI 2 cells. PCI 2 cells were 
transfected with CAMSAPI sIRNA, simultaneously with vectors 
encoding (a) enhanced green fluorescent protein (EGFP) alone (b) 
human CAMSAPI -EGFP wild type or (c) human CAMSAPI -EGFP 
AAAA mutant. Scale bar 20 |.im. The figure shows EGFP fluorescence 
images. Cells expressing EGFP were identified scored for the 
production of neurites. Quantification of neurite production in each 
case is summarised in (d). 



although the spectrin 29mer and Ca""^/calmodulin bound to 
CCl with similar affinities, activation of calmodulin in brain 
extract was able to completely block immunoprecipitation of 
spectrin and CAMSAPI: presumably this reflects the high 
concentration of calmodulin in brain. It is worthy of note that 
the gene encoding CAMSAPI is controlled by the transcrip- 
tion factor calcium-response factor (West 2011). In future 
work it will be of great interest to establish the control of 
both CAMSAPI expression and functional inteiplay with 
binding partners such as spectrin, to identify the nature of its 
role in calcium signalling. 

As indicated in Figs 4 and 5, siRNA knockdown of 
CAMSAPI results in a lack of neurite production by PC 12 
cells in response to NGF. Interestingly, the effect of 
CAMSAPI loss on the PC 12 cells did not appear to result 
from lack of sensitivity to NGF. Over several days of culture, 
the cells became bigger than controls both in the diameters of 
cell bodies and their nuclei (Fig. 4c). This might suggest that 
the cells are responding to NGF by enhancing protein 
synthesis, but they are unable to direct the resulting material 
into the production of extensions to the cell body. 

Mutation of CCl at the LEEK sequence abolished 
spectrin interaction in vitro, and mutant CAMSAPI -EGFP 
construct gave reduced rescue of the siRNA knockdown 
(Fig. 5): these data link CCI-spectrin interaction to neurite 
production. The mechanisms underlying the function of 
spectrin in axon/neurite outgrowth are still not fully 
resolved. In C. elegans, spectrin is dispensable for the 
initiation of axon outgrowth, but it is clearly required for 
the mechanical stability of axons: in the absence of 
spectrin, axons fractured under the strain of the movement 
of the animal (Hammarlund et al. 2007). A pointer to a 
more fundamental role in mammals comes from experi- 
ments probing the role of the spectiin-binding protein 
ankyrin (Nishimura et al. 2003). Although the role of 




Fig. 6 SiRNA knockdown of calmodulin regulated 
spectrin-associated protein 1 (CAMSAPI) in 
cerebellar granule cell cultures. Cultures of 
cerebellar granule cells were examined by 
immunofluorescence with anti-GAP43. (a) shows 
granule cells transfected at the time of Isolation 
with control siRNA; (b) shows cells transfected with 
CAMSAPI SiRNA. Note the absence of extended 
GAP-43 positive processes in the siRNA-treated 
cells, although such processes are readily seen in 
control cells. Scale bar 20 nm. 
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spectrin was not tested per se, mutations in ankyrin that 
block spectrin binding inhibited axon outgrowth in 
response to a permissive external cue. In the pil-spectrin 
knockout mouse, the mice die in utero of major defects in 
the formation of mutiple organs, including the brain: this 
has been attributed to loss of signalling through the TGPP 
[transforming growth factor (TGF)] pathway (Tang et ah 
2003). all-spectrin, the major brain partner of pil-spectrin, 
modulates the function of neural cell adhesion molecule 
(NCAM) during axon outgrowth (Ramser et al. 2010). 
Axon formation is impaired in the oill-spectrin knockout 
mouse (Stankewich et al. 2011). 

A final consideration is that while the LEEK motif is 
present in CAMS API throughout the eumetazoa (with the 
exception of acoelomates) (Fig. 1), the region of spectrin to 
which it binds (29 amino acids between the last triple helical 
repeat and the PH domain) is less conserved. Vertebrate pil- 
spectrin is a descendent of an ancestral invertebrate 
P-spectrin which underwent two duplication events during 
vertebrate evolution (Baines 2010a). Blast analysis (data not 
shown) suggests that the 29 amino acids of pil-spectrin that 
bind CAMSAPl CCl are characteristic of vertebrates, and 
may represent a specific adaptation of pil-spectrin. The 
strong conservation of the LEEK motif in invertebrate 
CAMSAPs potentially indicates further, as yet unidentified, 
functions for that motif. 
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